A novel strategy has been used to isolate a cDNA clone that encodes a DNA binding domain whose recognition properties overlap those of the mammalian transcription factors H2TF1 and NF-KB. These two factors are distinguished by their cell type distributions and their relative affinities for related sequence elements in the enhancers of the major histocompatibility complex (MHC) class I and immunoglobulin K chain genes. The human cDNA clone was detected by screening a ~ phage expression library with a binding site probe derived from the MHC enhancer. The phage encoded fusion protein binds specifically to both the MHC and K gene enhancers. The cDNA hybridizes to a single copy gene that is expressed as a 10 kb mRNA in both B and non-B cells. The strategy used in this study may prove generally useful in the cloning and analysis of sequence-specific DNA binding proteins.
Introduction
To facilitate the isolation of genes specifying mammalian transcription factors, we have used a novel strategy designed to detect clones encoding sequence-specific DNA binding proteins. The strategy depends on the functional expression in E. coil of high levels of the DNA binding domain of a regulatory protein and a strong interaction between this domain and its recognition site. If these conditions are fulfilled, a recombinant clone encoding a sequence-specific DNA binding protein might be identifiable by probing protein replica filters of an expression library with radiolabeled binding site DNA. This strategy is analogous to immunological screening of an expression library and shares many of the experimental steps (Young and Davis, 1983) .
Recently, gel electrophoresis DNA binding assays have been used to characterize two distinct mammalian transcription factors, H2TF1 and NF-KB, that recognize related control elements. H2TF1 binds a conserved sequence elemon~ fTGGGGATTCCCCA~ located 165 bp upstream of the ini-~, ~L ~.ACCCCTAAGGGGT/ tiation site of the H-2K b class I gene of the mouse major histocompatibility complex (MHC; Baldwin and Sharp, 1987; Israel et al., 1987) . This sequence is present in the upstream regions of both mouse and human class I genes. The binding of H2TF1 to this site appears to stimulate MHC class I gene transcription approximately 10-fold (Kimura et al., 1986; Baldwin and Sharp, 1987) . H2TF1 activity is detectable in the large variety of mammalian cell lines (mouse and human) that express MHC class I genes.
Interestingly, the same control element is also recognized by NF-KB, a B-cell specific factor (Baldwin and Sharp, 1988) . NF-•B was discovered by its interaction with a site in the immunoglobulin K light chain gene enhancer (Sen and Baltimore, 1986a) . NF-•B activity is restricted to B cells that transcribe the ~: chain gene. Moreover, it can be induced during the differentiation of pre-B cells to B cells by treatment of the former with bacterial tipopolysaccharide (Sen and Baltimore, 1986b) . This differentiation, in vitro, is accompanied by the activation of the 1< gene and thus NF-KB is strongly implicated in the developmental regulation of K gene expression (Atchison and Perry, 1987; Lenardo et al., 1987) . NF-KB binding activity can also be induced in a nonlymphoid cell line (HeLa) and a T cell line (Jurkat) by treatment with a phorbol ester. In T cells, NF-~B appears to stimulate transcription of the human immunodeficiency virus (HIV) genome (Nabel and Baltimore, 1987) .
Although H2TF1 and NF-KB appear to represent functionally distinct regulatory factors, their DNA recognition properties are very similar. Both factors recognize related sequences in the enhancers of the MHC class I gene, the I< chain gene, and the SV40 genome, albeit with different relative affinities (Sen and Baltimore, 1986a; Baldwin and Sharp, 1988) . It is unclear whether they represent different modifications of the same protein or different proteins. Isolation of the gene or genes encoding these two activities will facilitate the analysis of their structural and functional relationships. In this study we use a DNA binding site probe, containing the conserved MHC element, to isolate a partial cDNA clone that encodes a protein whose DNA recognition properties overlap those of H2TF1 and NF-KB.
Results

Detection of Clones Encoding Sequence-Specific DNA Binding Proteins
The feasibility of the screening strategy was tested with a Zgtll recombinant (XEB) encoding a fusion protein that contains the DNA binding domain of the Epstein-Barr virus nuclear antigen (EBNA-I; Rawlins et al., 1985; see Experimental Procedures) . Protein replica filters generated from platings of test and control phage were used to develop conditions for the specific detection of ZEB plaques with a DNA probe (oriP) containing binding sites for EBNA-1 (data not shown; see Experimental Procedures). In reconstruction experiments, the sensitivity and fidelity of detection of ~,EB plaques with oriP DNA and ~ EBNA-1 antibody probes were comparable (data not shown).
A Zgt11 library of cDNAs prepared with mRNA from human B cells was screened using the conditions developed with the EBNA-1 model. The DNA probe used in the screen contained a regulatory element from a mouse MHC class I gene (H-2Kb; Figure 1A ). This sequence (MHC), along with a few flanking nucleotides, was synthesized and cloned into the pUC polylinker (see Experimen- (B) Detection of Xh3 in the primary screen. Five replica filters (132 mm) from platings of 250,000 'pfu of the X cDNA library were probed with MHC DNA (2 x 106 cpm/ml). Three putative positives were detected and the one resulting in the isolation of Xh3 is shown. Phage from this and another of the putative positives yielded clones that bound MHC DNA in secondary screens. The autoradiograph shown here was exposed for 24 hr at -70°C. (C) Specificity of DNA binding by the recombinant clones. At the top, half filters generated from platings of tertiary stocks of Xh3 and Xh4 were probed with MHC or ori,t DNAs (each at 106 cpm/ml). At the bottom, half filters from a plating of plaque purified kh3 were probed with MHC and mhcl DNAs (each at 106 cpm/ml).
tal Procedures). As discussed in the Introduction, both H2TF1 and NF-KB bind with high affinity to this MHC element. In a screen of 2.5 x 105 recombinants, two positive phage, designated Xh3 and ~,h4, were isolated. Figure 1B shows an autoradiogram of a filter from the primary screen. The positive spot on this autoradiogram resulted in the isolation of ~,h3. Partially purified ~,h3 and Xh4 phage were screened with other DNA probes to determine if their detection specifically required the MHC probe. Xh3 and ~,h4 were not detected by the ori,~ probe ( Figure 1C ). This probe contains a binding site for the bacteriophage ~, O protein (Tsurimoto and Matsubara, 1981) . Xh3 and Xh4 were also not detected by labeled pUC polylinker DNA or by a related probe (OCTA) containing a recognition site for the immunoglobulin octamer binding protein(s) (data not shown; Singh et al., 1986) . A mutant MHC binding site probe (mhcl; Figure 1A ) was used to test more stringently the sequence-specificity of the presumptive fusion proteins. The mutant sequence contains a transversion in each half of the symmetric MHC element and is not recognized by either H2TF1 or NF-KB (data not shown). The mhcl probe did not detect either Xh3 or Xh4 plaques ( Direct evidence that the [3-galactosidase fusion proteins encoded by ~,h3 and Xh4 are responsible for the sequencespecific DNA binding activities was obtained by screening Western blots with DNA and antibody probes. Lysogens of Xgt11, ~,h3, and ;~h4 were isolated and induced to generate high levels of their respective I~-galactosidase proteins. Western blots of proteins from induced lysogens were prepared, and the immobilized proteins were briefly denatured with 6 M guanidine and then allowed to renature (see Experimental Procedures). This treatment increased the recovery of active molecules. Two equivalent transfers were initially probed with either the MHC element or the OCTA control DNA. A set of four bands specific to the MHC probe and the Xh3, Xh4 lanes was observed ( Figure 2A ). The two largest species of this set are labeled P1 and P2. The same transfers were then probed with antibodies to 13-galactosidase. A pair of novel fusion protein bands was observed with each of the two recombinant lysogens ( Figure 2B ). These bands corresponded to the species P1 and P2 detected with the MHC probe. This shows that Xh3 and Xh4 encode 13-galactosidase fusion proteins that bind specifically to tl~e MHC element DNA. The two phage may be identical since they encode the same size fusion proteins. P1 (approximate molecular weight 160,000) probably represents the full-length fusion protein whereas P2 is a presumptive proteolytic cleavage product. Since the ~-galactosidase portion of this fusion polypeptide has a molecular weight of approximately 120,000, the cDNA encoded portion must have a molecular weight of 40,000. A gel electrophoresis DNA binding assay was used to confirm the sequence specificity of the Xh3 and Zh4 fusion proteins as well as to better define their recognition properties. Figure 3A shows an assay of extracts derived from the Xgt11, Xh3, and ;~h4 lysogens, with the MHC probe. A novel DNA binding activity was detected specifically in extracts of the Xh3 and Xh4 lysogens (complex B; lanes 4-9). This activity was IPTG-inducible, indicating that it was a product of the lacZ fusion gene (data not shown). A competition assay indicated that the activity represented a sequence-specific DNA binding protein ( Figure 3B .poly(dl-dC), and the reactions were resolved by electrophoresis in a nondenaturing polyacrylamide gel (see Experimental Procedures). Free and bound probes are indicated by F and B, respectively. The total protein concentrations in lanes 1, 2, and 3 were 9, 18, and 27 ~.g, lanes 4, 5, and 6 were 6, 12, and 18 ~.g, and lanes 7, 8, and 9 were 6, 12, and 18 ~.g. Figure 1A and the complete structures of the probes are described in the Experimental Procedures. In each reaction, 12 ~.g of total protein was added. Reactions in lanes 1 through 3 contained 25,000 cpm of each probe. Reactions in lanes 4 and 5 contained 50,000 cpm of each probe.
1987). Increasing amounts of A6MHCg specifically competed for the binding of the Xh3 fusion protein to the MHC element oligonucleotide probe while the control M I M H C g did not compete ( Figure 3B , lanes 2-8). It should be noted that the extended sequences flanking the MHC element in the probe used for the initial screening, the cloned oligonucleotide, are completely different from those flanking the same element in the genomic probe, A6MHCg. Therefore, the fusion protein appears to exclusively recognize the common MHC element. This was confirmed by a direct DNA binding assay with a genomic sequence probe (MHCg) containing the MHC element ( Figure 3C , lanes 1 and 3). Both the oligonucleotide (MHC) and genomic (MHCg) probes gave rise to similarly migrating complexes. Furthermore, the double base substitution mutant (mhcl; Figure 1A )abolished recognition by the fusion protein ( Figure 3C , lane 2). As previously indicated, this mutant-binding site is not recognized by either H2TF1 or NF-KB. The immunoglobulin K chain gene enhancer contains a binding site (KEN) for NF-KB (Sen and Baltimore, 1986a) . This site is related in sequence to the MHC element, but is recognized by H2TF1 with a l0-to 20-fold lower affinity ( Figure 1A ; Baldwin and Sharp, 1988) . A mutant K enhancer (KEN) has been characterized both in vivo and in vitro (Lenardo et al., 1987) . This mutant sequence has no B cell-specific enhancer activity and is not bound by NF-KB. The mutant contains clustered base substitut'ions and an insertion of a base pair in the recognition site for NF-KB ( Figure 1A ). The binding of the ~,h3 fusion protein to the wild-type K element and the mutant version was tested ( Figure 3C , lanes 4 and 5). The KEN probe generated a complex with a mobility similar to those obtained with the MHC probes. No specific complex was formed with the mutant K enhancer DNA. Experiments in which the MHC and K enhancer binding sites were tested for competition with binding of the MHC probe showed that the fusion protein binds with 2-to 5-fold higher affinity to the MHC site (data not shown). The KEN site differs, in part, from the MHC site by the substitution of two adenine residues for guanine residues. As discussed below, these guanine residues are probably contacted by the fusion protein.
The contacts of the fusion protein with the MHC element were probed chemically by modification of the DNA with dimethylsulfate. After partial methylation at purine residues, the modified probe was used in the gel electrophoresis DNA binding assay. Free (F) and bound (B) probe DNA was recovered, subjected to chemical cleavage at methylated sites, and the products were resolved by gel electrophoresis under denaturing conditions. Figure 4 shows the results of the methylation interference experi-
Figure 4. Methylation Interference Analysis of the Sequence Recognized by the ~.h3 Fusion Protein The left four lanes show an analysis of the coding strand of the MHC probe (3' end-labeled at the Hindlll site). The right four lanes show a similar analysis of the noncoding strand (3' end-labeled at the EcoRI site). In both cases, probe DNA was partially methylated with dimethylsulfate before addition to the binding reaction. Labeled DNA in'the free (F) and bound (B) bands was recovered, cleaved at sites of methylation, and analyzed by urea-PAGE (see Experimental Procedures for details). Labeled DNAs in the reference lanes, A + G and G, were generated by cleavage at the indicated purine residues. The positions of methylated guanine residues that either strongly (O) or weakly (O) interfere with binding of the Xh3 fusion protein are depicted at the bottom. ment. On both the coding and noncoding strands, strong interference was detected when any of the internal guanine residues of each putative half site was modified at the N-7 position in the major groove. Weaker interference was observed when the external guanine residue in either putative half site was similarly modified. Thus, the fusion protein appears to symmetrically contact the MHC element in a manner similar to both H2TF1 and NF-KB (see Discussion).
Hybridization Analysis with the cDNA Segment of the Recombinant Phage
The recombinant phage Xh3 and Xh4 contain cross-hybridizing and equivalent size (approximately 1 kb) cDNA segments. The inserts also have indistinguishable restriction maps and therefore appear to be identical. Southern blot hybridization confirmed that these cDNA segments are homologous to sequences in the human genome ( Figure  5A ). The hybridization patterns of restriction digests of various human genomic DNAs are identical. Furthermore, the fact that restriction digests with BamHI (no site in cDNA) and Pstl (one site in cDNA) both generate two prominent bands suggests that the cDNAs are derived from a single copy gene. A similarly simple hybridization pattern is observed on probing restriction digests of the mouse and rat genomes (data not shown).
The expression of the human gene was analyzed by Northern blot hybridization ( Figure 5B ). A single, large transcript (approximately t0 kb) was observed with poly(A) + RNA from both B (X50-7) and non-B (HeLa) human cells. This transcript is moderately abundant in both cell types. The fact that the cDNA insert of the recombinant phage represents a small portion of the full-length mRNA illustrates the power of the screening strategy for the isolation of partial clones encoding sequence-specific DNA binding domains.
Discussion
We have used a novel strategy designed to clone genes encoding sequence-specific DNA binding proteins. This strategy was undertaken with the particular aim of isolating genes specifying mammalian transcriptional regulatory proteins. The feasibility of the strategy was established by the specific detection of a phage recombinant (XEB) encoding a sequence-specific DNA binding protein (EBNA-1) with a recognition site probe. Using the conditions developed with XEB, we have screened X phage cDNA libraries with three different DNA binding site probes. Screening with a probe containing the H2TF1 site in the MHC class I H-2K b gene led to the isolation of two identical clones that specify a putative transcriptional regulatory protein (properties discussed below). In similar screens with two other DNA probes, positive recombinant phage were also isolated at a frequency of approximately 1/100,000 (unpublished data). However, the proteins encoded by these phage appear to bind nonspecifically to either double strand or single strand DNA. Although detection of these types of clones represents an undesirable feature in screens for sequence-specific clones, their isolation suggests that recombinants encoding different types of DNA binding proteins can be detected by such functional screens of expression libraries. In future screens for recombinants encoding site-specific DNA binding proteins, the detection of these other types of clones might be selectively suppressed by inclusion of a nonspecific competitor DNA that is structurally more similar to the probe than poly(dl-dC)-poly(dl-dC). The failure to isolate sequence-specific clones with the two other DNA binding site probes may bedue to the limited number of recombinants screened (,'~250,000 in each case), the inadequacy of the cDNA libraries, or the limitation discussed below. Successful screening may be restricted to proteins with relat!vely high binding constants since only these are likely to form complexes with half-lives long enough to withstand the wash protocol. For example, if a regulatory protein has an association constant of 101° M -1, then under the screening conditions (the DNA probe is in excess and at a concentration of ,'~10 10 M), approximately half of the active molecules on the filter will have DNA bound. Since the filters are subsequently washed for 30 min, the fraction of protein-DNA complexes that remain will be determined by their dissociation rate constant. Assuming a diffusion limited association rate constant of 107 M -1 S -1, the dissociation rate constant in solution will be 10 -3 S -1. This rate constant translates into a half-life of approximately 10 min. Thus, one-eighth of the protein-DNA complexes should survive the 30 min wash. For a binding constant of 109 M -+, about on~e-te.mth,~e.fi,~the~.active protein molecules will have DN ,~bpundv bU,~ ~j~rt~all~y.~l~gf this signal should be lost since.' the hal.t,l~fm.of.these.complexes in solution is approximately, l~min. However, i,t is unclear whether the equilibrium and kinetic constants+of a protein-DNA interaction in solution-accurately describe the binding of a DNA probe to a matrix of proteinimmobilized on a filter. Thus, it may be possible to isolate recombinants encoding proteins with binding constants of 109 M -1 or lower. The sensitivity of the current methodology for low affinity proteins might be significantly enhanced by using DNA probes containing multiple binding sites that are spaced so that the probe can simultaneously bind two or more immobilized protein molecules. Alternatively, it may be possible to covalently stabilize protein-DNA complexes by procedures such as UV-irradiation of preformed complexes. Since the binding constants of regulatory proteins are dependent on ionic strength, temperature, and pH, these factors might also be manipulated to enhance detection.
The Xh3 recombinant expresses a I~-galactosidase fusion protein that recognizes related transcription control elements in the enhancers of the MHC class I and immunoglobulin K chain genes (see Figure 1A for sequences). This protein also binds a similar element in the SV40 enhancer 72 bp repeat (unpublished data). Furthermore, there are two putative binding sites in the long terminal repeat (LTR) of the HIV genome ( Figure 1A) . One of these is identical to the site in the SV40 enhancer and therefore should be recognized by the fusion protein. The existence of a clone such as Xh3 was anticipated since it has previously been shown that a common factor, NF-KB, binds to the three related elements in the K enhancer, the SV40 72 bp repeat, and the HIV-LTR (Sen and Baltimore, 1986a; Nabel and Baltimore, 1987) . Interestingly, these three binding sites are more closely related to one another than they are to the MHC site ( Figure 1A) . The former set can be viewed as variants of the symmetric MHC site. It should be noted that the pUC polylinker contains the sequence CGGGGA, which is a variant of one of the symmetric halves (TGGGGA) of the MHC element. The fusion protein does not bind with detectable affinity to the pUC polylinker (data not shown). Thus, a high affinity interaction appears to require both symmetric halves. This conclusion is supported by the methylation interference analysis (see below).
Even though the above control elements represent quite similar sequences, they function in very different regulatory capacities. The MHC element is a component of an enhancer that functions in a variety of cell types that express MHC class I genes (Kimura et al., 1986; Baldwin and Sharp, 1987) . The K element, on the other hand, is a component of a cell-type-specific enhancer that functions only in B cells (Picard and Schaffner, 1984) . The activity of this enhancer is induced in pre-B cells upon their differentiation into mature B lymphocytes (Lenardo et al., 1987) . Such differentiation, in vitro, is accompanied by transcriptional activation of the 1< chain gene locus (Nelson et al., 1985) . The K element appears to dictate the B-cell specificity of the K enhancer. The different modes of functioning of the MHC and K elements are correlated with the properties of their corresponding recognition factors, H2TF1 and NF-KB. H2TF1 activity is detected in a variety of differentiated cell types (Baldwin and Sharp, 1987; Israel et al., 1987) , and this protein appears to stimulate MHC class I gene transcription approximately 10-fold (Kimura et al., 1986; Baldwin and Sharp, 1987) . On the other hand, NF-KB activity is detected only in mature B cells (Sen and Baltimore, 1986a) . In addition, this activity is induced during differentiation of pre-B cells to mature lymphocytes (Sen and Baltimore, 1986b) . Finally, NF-KB activity is also induced by phorbol ester treatment of non-B cell lines (HeLa, Jurkat). In the case of Jurkat cells, a T4 + human T cell line, NF-~<B appears to stimulate the transcriptional activity of the HIV-LTR (Nabel and Baltimore, 1987) . It should be noted that induction of NF-KB activity in non-B cells does not require new protein synthesis (Sen and Baltimore, 1986b) . Thus the protein for NF-KB must exist in these cells before induction and be activated by a posttranslational modification.
The DNA recognition properties of the fusion protein encoded by the recombinant Xh3 overlap those of H2TF1 and NF-KB. Mutants of the MHC and ~: elements that are not recognized by H2TF1 or NF-~<B are also not bound by the fusion protein (see Figure 1A) . The recombinant protein binds the MHC element DNA with 2-to 5-fold higher affinity than the K element. In this regard, the fusion protein has relative affinities intermediate between those of H2TF1 and NF-KB. H2TF1 binds the MHC element with 10-to 20-fold higher affinity than the K element while NF-KB recognizes both elements with roughly equivalent affinity (Baldwin and Sharp, 1988) . This intermediate relationship is also observed in the comparison of the methylation interference patterns of the three DNA~bind -ing activities. Methylation of any of the central six guanine residues in the MHC site/TGGGGATTCCCCA~ strongly inter-I.ACCCCTAAGGGGTI feres with the binding of all three activities. Methylation at either of the two external guanines partially interferes with recognition by the fusion protein. In contrast, H2TF1 binding is strongly inhibited upon methylation of either of these residues while NF-KB binding shows little perturbation upon this modification (Baldwin and Sharp, 1988) . This analysis of the three DNA binding activities is limited by the use of cell extracts and not purified proteins. Furthermore, the properties of a recombinant protein may be different from those of its native counterpart. Thus, it is not possible on this basis to definitively relate the protein encoded by Xh3 to either H2TF1 or NF-I<B.
Antibodies raised against the ;~h3 fusion protein will be useful in clarifying its structural relationship with H2TF1 and NF-~:B. A definitive relationship will emerge from a comparison of the deduced amino acid sequence of the cDNA and the protein sequences of H2TF1 and NF-KB. It should be noted that both the H2TF1 and NF-KB proteins are present in a variety of mammalian cells and that the activity of the latter is posttranslationally regulated. Furthermore, the DNA recognition properties of these two factors are remarkably similar and overlap those of the Xh3 fusion protein. These facts, as well as the observations that the cDNA in Xh3 hybridizes to a single copy gene and to a single mRNA in both B and non-B cells, strengthen the possibility that all three binding activities may be products of the same gene. This hypothesis implies that H2TF1 and NF-KB represent distinct modification states of a single gene product.
Experimental Procedures
Xgt11-EBNA-1 Recombinant
A HinfI-Ahall DNA fragment of the EBV genome (coordinates 107, 946-109, 843) that contains the EBNA-1 open reading frame was subcloned using BamHI linkers into the BamHI site of pUC13 (pUCEBNA-1; see Rawlins et al., 1985 for EBV coordinates). The ~.gt11-EBNA-1 recombinant was constructed by inserting the 600 bp SmaI-BamHI fragment of pUCEBNA-1 (EBV coordinates 109, 298-109, 893) into the EcoRI site of Zgt11 using an EcoRI linker (GGAATTCC). A phage recombinant containing the EBNA-1 insert in the sense orientation was isolated by immunoscreening with ~ EBNA-1 antibodies (see below). In this recombinant, the carboxy-terminal region of EBNA-1 (191 amino acids) is fused in frame near the carboxyl terminus of ~,-galactosidase.
~Jt11 cDNA Expression Library
The human B cell (RPM14265) cDNA library constructed in the expression vector ;~gt11 was purchased from Clontech Laboratories, Inc. The library contains approximately 9 x 105 independent clones and has an average insert size of 1.2 kb.
E. coli Strains
The standard pair of ~,gt11 host strains, Y1090 and Y1089, were employed (Young and Davis, 1983) . The former was used to screen Xgtll recombinants and the latter to generate X lysogens for the analysis of ~-galactosidase fusion proteins.
Plasmids
The plasmid pUCoriP1 was constructed by subcloning the EcoRI-Ncol fragment from the oriP region of the EBV genome into the Sinai site of pUC13. This fragment contains 20 high affinity binding sites for EBNA-I. pUCoriP2 was derived from pUCoriP1 by the subcloning of an oriP fragment (EcoRI-BstXI) of the latter into the Smal site of pUC13. pUCoriP2 contains 11 high affinity binding sites for EBNA-I. pUCoriZ2 was made by insertion of a synthetic binding site for the bacteriophage XO protein /AAATCCCCTAAAACGAGGGATAAA; into the Smal site of I, TT TA G G G G ATTTTG C T C C C TATTT / pUC13. The complementary oligonucleotides were a gift from R. McMacken. pUCMHCI and pUCmhcl were constructed by insertion of the following oligonucleotides: GATCCGGCTGGGGATTCCCCATCT G C C GAC C C CTAAG GG GTAGACTAG and GATCC G G CTGcG GATTC C CaATCT GCCGAGgCCTAAGGGtTAGACTAG into the BamHI site of pUC13. The wild-type sequence is a binding site for H2TF1 and NF-KB. pUCOCTA is a similarly constructed pUC18 derivative that contains a synthetic recognition site (ATGCAAAT) for the mammalian octamer binding protein(s) (Wirth et al., 1987) . The plasmids p190H2KCAT (-190 to +5) and p138H2KCAT (-138 to +5) contain 5' deletions of the H-2K b gene upstream region fused to the coding sequence for chloramphenicol acetyl transferase (Baldwin and Sharp, 1987) . All plasmid DNAs were purified by an alkaline lysis protocol followed by two bandings in CsCI ethidium bromide gradients (Maniatis et al., 1982) .
Binding Site Probes and Competitor DNAs
The MHC, mhcl, ori.~, and OCTA probes were generated by digesting the corresponding pUC plasmids with EcoRI and Hindlll. The resulting products were end-labeled with [a-32p]dATP using the large fragment of E. coil DNA polymerase I (Maniatis et al., 1982) . dCTP, dGTP, and dTTP were included in these reactions so as to fill in the ends of the restriction fragments. The labeled fragments were separated by native polyacrylamide gel electrophoresis. The binding site fragments (60-75 bp) were eluted from the gel and purified by ELUTIP (Schleicher and Schuell) chromatography. Using high specific activity [~-32p]dATP (5000 Ci/mmol), typical labelings yielded DNA probes with specific activities of 2-4 x 10 7 cpm/pmol.
To generate the oriP probe, pUCoriP2 was digested with EcoRI and Hindlll, and the oriP fragment (,'~400 bp) isolated by low-melt agarose gel electrophoresis. This DNA fragment was then digested with Hpall and the products labeled as detailed above. The smaller of the two Hpall fragments (,~90 bp) was isolated for use as the oriP probe. The MHCg probe was prepared by digesting p190H2KCAT with Xhol and labeling as before. The labeled DNA was then digested with Hincll and the 90 bp probe fragment purified as before. This probe contains sequence from -190 to -100 of the upstream region of the H-2K b gene. The KEN and Ken probes were prepared according to Lenardo et al. (1987) and were gifts from P. Baeuerle.
The ~6MHCg (-190 to +270) and M1MHCg (-138 to +270) competitor DNAs were prepared by digesting the plasmids, p190H2KCAT and p138H2KCAT, with Xhol and EcoRl. The H2KCAT fragments were isolated by low-melt agarose gel electrophoresis.
Screening of Protein Replica Filters with DNA Binding Site Probes
Protein replica filters were prepared according to Huynh et al. (1985) with the following modifications. Plating mixtures for 100 mm and 150 mm plates contained a maximum of 2 x 104 pfu and 5 x 104 pfu, respectively, of ~ phage. Higher plating densities resulted in diminished signals. Infected Y1090 cells were plated in 0.7% agarose rather than agar. The IPTG saturated nitrocellulose filter overlays were incubated for 6 hr at 37°C. (Duplicate filters were not used because they appeared to be unreliable.) Plates were cooled at 4°C for 5-10 rain before lifting the filters. After marking the positions of filters on plates, the filters were lifted and immediately immersed in aliquots (20 ml/82 mm filter and 50 ml/132 mm filter) of BLOTTO (5% Carnation nonfat milk powder, 50 mM Tris (pH 7.5), 50 mM NaCI, 1 mM EDTA, and 1 mM DTT; Johnson et al., 1984) . In this and all subsequent steps, each filter was incubated in a separate petri plate with protein surface turned up. Filters were rapidly transferred from one solution to another to prevent drying. Filters were incubated in BLOTTO for 60 rain at room temperature with gentle shaking, and washed twice (1-5 rain for each wash) with aliquots (20 ml/82 mm filter and 50 m1/132 mm filter) of TNE-50 (10 mM Tris (pH 7.5), 50 mM NaCI, 1 mM EDTA, and 1 mM DTT). After these washes, the filters were either screened or stored immersed in aliquots of TNE-50 at 4°C (12-24 hr). The DNA binding activities of EBNA-1, the ;~h3, and Zh4 fusion proteins were quite stable under such conditions.
For screening, the filters were incubated in aliquots (10 ml/82 mm filter and 25 ml/132 mm filter) of TNE-50 containing 32p-DNA binding site probe (I-2 x 106 cpm/ml, ~10 -1° M) and poly(dl-dC).poly(dl-dC) (10 p.g/ml, "-10 -5 M bp). After 60 rain at room temperature with gentle agitation, the filters were washed four times (a total of 30 rain) with allquote (20 ml/82 mm filter and 50 ml/132 mm filter) of TNE-50. They were patted dry and exposed to Kodak X-OmatAR film (12-24 hr) with an intensifying screen at -70°C. It should be noted that the DNA probe solution can be reused with up to five filters. Moreover, the DNA probe preparation used for screening should not contain significant levels of radiolabeled denatured strands since the latter greatly increase the background.
From a series of screens of protein replica filters generated from platings of the ~,EB phage, the following conclusions were drawn: the specific detection of ZEB plaques requires a DNA probe with at least one binding site for EBNA-1 (a duplex 30-mer with a consensus binding site sequence gave a signal comparable to a probe containing two or more binding sites); DNA probes longer than 150 bp yield higher nonspecific signals; the addition of an excess of nonspecific competitor DNA [poly(dl-dC) .poly(dl-dC)] to the binding solution reduces the nonspecific signal; and both specific and nonspecific interactions of the DNA probe with proteins on the replica filter are reversible. In view of this latter point, and the fact that nonspecific interactions typically have much shorter half-lives than the specific interactions, sequencespecific binding proteins expressed to a high level can be detected after a suitable wash time.
Screening of Protein Replica Filters with Antibody Probes
For immunological screening, protein replica filters were prepared as detailed above. They were probed with either a EBNA-1 antibodies (a gift from G. Milman) or ~ ~-galactosidase antibodies (CAPPEL) in BLOTTO by incubating for 60 rain at room temperature. After two washes with BLOTTO (5 rain each), the filters were incubated (60 min at room temperature) with the above solution containing goat antirabbit IgG horseradish peroxidase conjugate (BIO-RAD). The immune complexes were visualized with 4-chlore-l-naphthol and H202 (Hawkes et al,, 1982) .
Analysis of ~-Galactosidase Recombinant Proteins by Western Transfers
Y1089 lysogens harboring Zgt11, ~.EB, ~,h3, or ;~h4 phage were isolated (Huynh et ai., 1985) and induced to express high levels of their respective 13-galactosidase fusion proteins. Cells from 1.25 ml aliquots of the induced lysogen cultures were rapidly pelleted, and resuspended with 100 i 11 aliquots of SDS-PAGE loading buffer. After heating at 100°C for 5 min, proteins in each sample (25 id) were resolved by 10% SDS-PAGE. The separation gel was then soaked in 25 mM Tris, 190 mM glycine (pH 8.3), 20% (v/v) methanol for 30-80 rain. Proteins were electrophoretically transferred onto a nitrocellulose membrane (0.2 ilm) using the same buffer (Towbin et al., 1979) . After transfer, the filters were blocked with BLOTTO (60 rain at room temperature) and then washed twice with TNE-50 (1-5 rain for each wash). To assay for DNA binding activity, proteins bound to the filter were denatured and renatured according to the procedure of Celenza and Carlson (1986) . The transfers were screened with DNA binding site and antibody probes as detailed for protein replica filters.
Gel Electrophoresis DNA Binding Assays
Extracts for assaying the DNA binding activities of the I~-galactosidase fusion proteins were prepared as follows: cells from 1.25 ml aliquots of the induced lysogen cultures were rapidly pelleted and resuspended in 100 p_l aliquots of buffer A (50 mM Tris [pH 7.5], 1 mM EDTA, 1 mM DTT, 1 mM PMSF). Cell suspensions were subjected to a rapid freezethaw cycle and incubated with lysozyme (0.5 mg/ml) for 15 min on ice. NaCI was then added to 1 M and the mixtures incubated on a rotator for 15 rain at 4°C. After a 30 min spin in a microfuge, the supernatants were dialyzed using Millipore filters (Type VS, 0.025 I~m) against buffer A (60 rain at 4°C). The dialyzed extracts were quick-frozen and stored at -70°C.
Binding reactions (20 Id final volume) and gel electrophoresis were performed as previously described with a modified running buffer (25 mM Tris, 190 mM glycine, 1 mM EDTA, [pH 8.3]; Singh et al., 1986) . This buffer does not require recirculation during electrophoresis. The protein concentrations of the extracts were measured by the method of Bradford (1976) .
Methylation Interference Assay
The methylation interference assay was performed essentially as previously described (Staudt et al., 1986) . Partially methylated MHC probes labeled uniquely at their 3' ends (EcoRI or Hindlll; 150,000 cpm) were each incubated with the Xh3 lysogen extract (45 p_g protein) and poly(dl-dC).poly(dl-dC) (10 p.g) in a final volume of 50 I~1. After gel electrophoresis, free DNA and protein-DNA complexes were electrophoretically transferred (in 25 mM Iris, 190 mM glycine, 1 mM EDTA, [pH 8.3] ) onto NA45 DEAE membrane (Schleicher and Schuell). The wet membrane was exposed to X-ray film for 1 hr, free and bound DNA bands were cut out, and the DNA eluted according to the supplier's protocol. After cleavage with piperidine, the various DNA fractions were analyzed by urea-PAGE (10o/o) and autoradiography.
Southern and Northern Blot Hybridizations
Genomic DNA was isolated from HeLa, IMR32 (human neuroblastoma), and X50-7 (EBV transformed human B lymphocyte) cells according to Maniatis et al. (1982) . Restriction digests of genomic DNAs were resolved on a 1% agarose gel and transferred to Zetabind (CUNO Laboratory, Inc.).
Cytoplasmic RNA was isolated from HeLa and X50-7 cells according to Brawerman et al. (1972) . Poly(A) + RNA was purified by oligo(dT)-cellulose chromatography (Collaborative Research), separated on a formaldehyde-containing 1.2% agarose gel, and transferred to nitrocellulose. The cDNA inserts of Xh3 and ~,h4 were subcloned into pUC13. For hybridization analysis, the ~,h3 cDNA was isolated from an EcoRI digest of the pUC recombinant. A cDNA probe was generated by randomly primed synthesis with oligonucleotides (Pharmacia).
Filters were prehybridized in 55% formamide, lx Denhardt's solution, 5x SSCPE, 0.1% SDS, 5% dextran sulfate, and 100 ~g/ml denatured salmon sperm DNA for 6-8 hr at 37°C. Hybridization with 32p-cDNA (6 x 105 cpm/ml) in the aforementioned solution was carried out for 14-18 hr at 37°C. Filters were washed with 0.2x SSC at 60°C. Autoradiography was performed with an intensifying screen at -70oc.
